The synthesis of nmol quantities of defined sequences of oligodeoxyribonucleotides using T4 RNA ligase has been demonstrated. Reactions using from 18 to 200 nmol of substrates in which a single 2'-deoxyribonucleoside 3',5'-bisphosphate was added to an oligodeoxyribonucleotide resulted in yields from 13 to 95%. When two oligodeoxyribonucleotides were similarly joined using RNA ligase, the yields ranged from 10 to 50%. Although the reactions contained high concentrations of enzyme and were incubated from 5 to 21 days, there was little degradation of either substrates or products. We have also characterized an unusual product which arises when 3'-phosphate terminated oligodeoxyribonucleotides are incubated with RNA ligase and high concentrations of ATP. This product has an adenylyl group linked to the 3'-phosphate by an anhydride bond. The mechanistic and synthetic implications of forming this product are discussed.
INTRODUCTION
T4 RNA ligase has been used extensively for the synthesis of oligoribonucleotides of defined sequence (see reviews 1 and 2). The enzyme catalyzes the formation of a 3'*5' phosphodiester bond between one oligonucleotide containing a 3'-hydroxyl group (the acceptor) and another bearing a 5'-phosphate (the donor) (3) . A compleaentary template strand is not required to align the ends of the oligonucleotides joined and a donor as short as a ribonucleoside 3',5'-bisphosphate can be added to any acceptor three or more nucleosides in length (4, 5) .
We have been developing RNA ligase to synthesize defined sequences of oligodeoxyribonucleotides. We have reported conditions which extend the RNA ligase reaction to DNA substrates, thereby allowing the efficient addition of 3',5'-deoxyribonucleoside bisphosphates to oligodeoxyribonucleotides (6, 7) and of single-strand oligodeoxyribonucleotides to one another (8) . These studies used homopolymeric molecules as models. In this paper, we describe how to synthesize preparative amounts (1 to 100 nmol) of several oligodeoxyribonucleotides of defined sequence. In addition, we report the characteri-zation of an unanticipated product resulting from the RNA ligase catalyzed addition of an adenylyl group to the 3'-phosphate of an oligodeoxyribonucleotide. A preliminary report of some of these results has been published (9) .
MATERIALS AND METHODS
Materials. The oligodeoxyribonucleotides dGpdG(pdA) 2 (pdT) 2 (pdC) 2 and pdG(pdA), were purchased from Collaborative Research. The oligodeoxyribonucleotides dCpdCpdA and dG(pdA) 2 were gifts of S. A. Narang. ATP, 3'-dCMP, and adenosine 5'-phosphoromorpholidate were obtained from Sigma Chemical Co.
[Y"
32 P]ATP was purchased from New England Nuclear and U^-^lATP was purchased from ICN. Unless otherwise stated, all other nucleotides and oligonucleotides were purchased from P-L Biochemicals.
T4 RNA ligase was purified as described (10) from E. coli cells infected with T4 am E4314. Wild type and PseT 1 polynucleotide kinases (11) were gifts of D. Soltis and 0. C. Uhlenbeck. Other RNA ligase reaction components and enzymes used for analysis were as described (6) (7) (8) .
Paper chromatography of nucleotides and oligonucleotides• The following solvents were used to develop paper chromatograms: I, 1-C,H,OH: cone. NH 3 :water::55:10:35; II, 100 mL of 0.1 M Na 2 HPO 4 , pH 6.8 to which was added 60 g (NH 4 ) 2 S0 4 and 2.3 ml l-C^OH; III, 60 ml 1 M ammonium acetate plus 40 mL 95% ethanol; and IV, 70 mL 1 M ammonium acetate plus 30 mL 95% ethanol.
Preparation of nucleotides and oligonucleotides. The mononucleotide pBrdUp was prepared from pdUp and bromine by the method of Riley et al. (12) . Other 2'-deoxyribonucleoside 3',5'-bisphosphates were prepared using the procedure of Barrio et al. (13) and were purified as described (6) .
[5'-P]pdNps were synthesized and purified as described (6) .
The dinucleoside pyrophosphate dCyd-3'PP5'-Ado was synthesized by condensing the tri-n-butylammonium salt of 3'-dCMP with adenosine 5'-phosphoromorpholidate as described (14) , except that the reaction was carried out in dimethylsulfoxide instead of pyridine. The product was purified by chromatography on a DEAE Sephadex A-25 column using a linear gradient of 0.1 to 1.0 M triethylammonium acetate, pH 4.5.
The acceptor 3',5'-dihydroxyl oligodeoxyribonucleotides [dN(pdN) n ] and the 3'-and 5'-phosphate terminated oligodeoxyribonucleotide donors 32 [pdNp(dNp) ] were prepared as described (6, 8) . Labeled [5'-P]oligodeoxyribonucleotides were prepared as described (8) . All oligomers were purified by chromatography on prewashed Whatman 3 MM paper in solvent I. They were eluted from the paper with water and stored at -20°C.
[3'-32 P]dT(pdT),pdCp was prepared as follows: dT(pdT),pdC[3'->5'-32 P]prCp was synthesized by the addition of [5 1 -P]prCp to dT(pdT) 3 pdC using RNA ligase (7) . The terminal 3'-phosphate of the resulting product, dT(pdT),pdC-32 [3'-»5'-P]prCp was removed with bacterial alkaline phosphoaonoesterase. The 32 final product [3'-P]dT(pdT),pdCp was obtained by periodate oxidation and p-elimination of the ribonucleotide terminated oligomer as described by Winter and Brownlee (15) .
RNA ligase reactions. Table 1 lists the substances present in RNA ligase reactions for either single nucleotide addition reactions or deoxyoligomer joining reactions. In each case, the nucleotides, oligonucleotides, spermine, and phosphocreatine were dried together under vacuum. A solution containing the remaining ingredients was added to give a final acceptor concentration of 0.5 to 2.0 mM. Reaction mixtures were incubated at 17°C. Products were purified either by chromatography on prewashed Whatman 3 MM paper in solvents I or III or by elution from a DEAE Sephadex A-25 column (0.9 X 20.5 cm) with linear gradients of triethylammonium acetate or triethylammonium bicarbonate.
The RNA ligase catalyzed addition of 5'-AMP to the 3'-phosphate of an oligodeoxyribonucleotide was performed using reactions containing 0. 25 Concentration of pdNp can range from 0.5 to 10 mM if the relative .concentrations of donor, acceptor, ATP, and spermine remain as given. Molecular concentration. ,1-10 mM for pdAp, pdCp, pdTp, and pdUp and 40 mM for pdGp. Q Buffer mix: 50 mM Hepes, pH 7.9 "" -" Buffer mix: 50 mM Hepes, pH 7.9, 20 mM dithiothreitol, 10 mM MnCl., 10 ug/ml bovine serum albumin, 175 U/mL creatine kinase, 170 U/ml mM dithiothreitol; 10% (v/v) dimethylsulfoxide; 170 U/mL myokinase; 120 U/mL creatine kinase; and 30 pM RNA ligase in 10 pL (8, 16) . Reactions were incubated at 17°C for the times indicated.
Product characterizations.
Nearest neighbor analyses of the products were performed as described (17) . A sequence determination of the synthesized oligodeoxyribonucleotide dG(pdA) 9 pdUpdTp was performed as follows: The RNA ligase product was treated with [y-PiATP and PseT 1 polynucleotide kinase as described (8) Polyacrylamide gel electrophoresis. The denaturing polyacrylamide slab gel was prepared and run using the procedure of Maxam and Gilbert (21) .
RESULTS
Single nucleotide addition reactions. The single nucleotide addition reaction of RNA ligase added 3',5'-nucleoside bisphosphates to several oligodeoxyribonucleotides ( Table 2 ). The exact reaction conditions are given in Table 1 . In general, these conditions consisted of an excess concentration of the pdNp donor over the oligomer acceptor, a low ATP concentration, and an ATP regeneration system. Previous small-scale reactions between pdAp, pdGp, pdCp, pdTp, or pdUp and the acceptor dA(pdA), demonstrated that such conditions yielded greater than 85% product after 1-10 days of reaction (7).
We employed these same conditions for the synthetic reactions between pdNp donors and other acceptors. As seen in Table 2 , nmol amounts of products can be synthesized under these conditions. Yields ranged from 13% to 95%.
After the RNA ligase reactions, the substrates and products were purified either by chromatography on Whatman 3 MM paper in solvents I or III or by separation on a DEAE Sephadex A-25 column. For example, the mixture after reaction of pdUp with dGpdApdA (reaction 1) was purified by DEAE column Reaction mixtures were incubated as described in Table 1 and Materials and .Methods. Yields are based on the amount of the limiting substrate, the acceptor, converted to product. Reaction mixture included 50 nmol RNase A. The product from each of the single nucleotide addition reactions listed in Table 2 was characterized by its UV absorption spectrum. The observed spectral ratios were consistent with reported or calculated values (data not shown).
In particular, higher 270/260 and 280/260 ratios were obtained for dGpdApdApBrdUp than for dGpdApdApdUp, consistent with the ratios for the mononucleotides UMP and BrdUHP (12) .
All the products were also characterized by their mobilities on Whatman 3 MM paper in solvents I and III. Paper chromatography in these solvents separates nucleotides and oligonucleotides primarily on the basis of charge although purines tend to migrate more slowly than pyrimidines. As an example of the effects seen, the product dGpdApdApdUp [R^ = 0.5 (relative to pdTp)] migrated more slowly than either the donor pdUp (R = 0.86) or the acceptor dGpdApdA (R =1.2). Removal of the 3'-phosphate by treatment with phosphomonoesterase yielded more rapidly migrating material, consistent with the conversion of the product dGpdApdApdUp to dGpdApdApdU (R =1.1).
In addition to these analyses, the dGpdApdApdUpdTp, obtained after the stepwise addition of pdUp and pdTp to dGpdApdA, was partially digested with snake venom phosphodiesterase and the products separated by standard two-dimensional fingerprinting techniques (20) . The observed fingerprint pattern ( Figure 2 ) was consistent with the expected sequence pdGpdApdApdUpdT. Table 3 ). The reaction conditions, which were developed from previous small-scale reactions (8, 22) , involve a four-fold excess of acceptor over donor, a low ATP concentration, and an ATP regeneration system. As seen in Table 3 , these conditions resulted in yields a Reaction mixtures were incubated as described in Table 1 and .Materials and Methods.
Amount of acceptor. i yields are based on the amount of the limiting substrate, the donor, converted to product.
ranging from 10 to 50% and demonstrated that this reaction of RNA ligase can be used to synthesize nmol anounts of oligodeoxyribonucleotides.
After incubation with RNA ligase, the products and the unreacted substrates were separated by chromatography on WhaUnan 3 MM paper in solvent III. Figure 3 shows the results of this separation for the reaction of esterase converted all the P to Pi; the mobility of the ~n was not altered since in this system ATP and Ado comigrate (B). After incubation of the reaction mixture with RNA ligase for 75 hr, followed by treatment with phosphomonoesterase, a new peak of radioactivity (I 1 ), containing both the TJ 32 and P and migrating more slowly than dT(pdT).,pdCp or ATP, was observed (C). The appearance of this peak indicated that the terminal 3'-phosphate of the donor molecule had been rendered resistent to phosphomonoesterase by the addition of an Ade containing residue.
Previously, we had speculated that this modification occurred through (Table 2) .
Furthermore, the reaction between two oligodeoxyribonucleotides was used to synthesize larger oligodeoxyribonucleotides to form products fourteen and seventeen nucleotides long (Table 3) A difficulty encountered in these studies was the low reactivity of an acceptor that was capable of forming a stable duplex structure under our reaction conditions. The octaner dGpdGCpdA^CpdTKCpdC). was a poor acceptor for pdAp addition (reaction 15) even though reactions with other acceptors terminated with dCyd had resulted in good yields in other reactions (6) . We showed previously that converting a single-strand homopolymer acceptor to a duplex by adding a complementary oligodeoxyribonucleotide inhibits the joining reaction (8) . These results indicate that duplex structure in the acceptor interfers with productive interaction with the enzyme. We have This side reaction may, however, sometimes be responsible for minor products.
When a 3'-phosphate terminated oligoribonucleotide is similarly reacted with RNA ligase and ATP a low yield of the 2',3'-cyclic phosphate terminated oligomer is obtained (V. Pyle and R. Gumport, unpublished observation). This product probably arises through the adenylylation of the terminal 3'-phosphate just as it occurs with the deoxyoligomer. Because AMP is a good leaving group, it would be rapidly eliminated by the attack of the adjacent 2'-hydroxyl to form the cyclic phosphate. This latter reaction is consistent with our finding that a number of other leaving groups are eliminated from the 3'-phosphate of ribo-oligomers to form the 2',3'-cyclic phosphate terminated product (9).
Conclusion.
The reaction conditions presented here represent our current view of the best methods for using RNA ligase with DNA substrates.
These reactions can be a useful adjunct to currently used chemical and enzymatic techniques for DNA synthesis. In particular, they offer methods to synthesize oligodeoxyribonucleotides of high purity.
